Introduction DSB at the RFB site.
It was first shown that the SIR2 gene plays an imporIn most eukaryotic organisms, the genes for rRNAs tant role in decreasing the frequency of recombination (rDNA) are clustered in long tandem repeats on one or in yeast rDNA as assayed by the loss of a marker gene a few chromosomes. Although the total number of these integrated within rDNA repeats (Gottlieb and Esposito, chromosomal rDNA repeats appears to be maintained 1989). The frequency of formation of ERCs from rDNA at a level appropriate for each organism, genes with repeats was also shown to increase upon deletion of such a repeated structure are in general thought to be SIR2 ( chromatin structure-heterochromatin structures-which suggested that, similar to its role in protecting the silent mating-type regions from HO endonuclease cleavages, prevents general access of the Pol II machinery and some other macromolecules, thus causing silencing as SIR2 may decrease recombination within rDNA repeats by decreasing accessibility of rDNA chromatin to comwell as decreasing recombination in the chromosomal rDNA repeats. For example, Fritze and coworkers (1997) ponents in the recombination machinery, such as those responsible for inducing DSB. Until the work described Deletion of SIR2 Increases Instability of rDNA in a FOB1-Dependent Manner here, critical studies to test the actual role of SIR2 in regulation of recombinational events in rDNA had not
We examined effects of deletion of SIR2 on the efficiency of rDNA repeat expansion using the same test system been done.
In this paper, we present experiments that confirm the as described above. As shown in Figure 2C , heterogeneity of the size of the chromosome XII and faster increases expected negative role of SIR2 in rDNA repeat expansion and contraction, and we examine the possible mechain its size were obvious in sir2⌬ samples compared to the wild-type, especially at the earliest time point (44 nism involved in the increased frequency of repeat expansion and contraction that is observed in mutants generations) analyzed ( Figure 2C , lanes 15-18 compared with 2-5). Average rDNA copy numbers analyzed defective in SIR2 functions. Contrary to previous expectations, we did not find any significant increase in the by Southern also suggested that the rate of repeat expansion was higher than that of the wild-type from 0 RFB activity, the frequency of DSB or formation of DNA molecules with Holliday junction structures in sir2 muto 44 generations ( Figure 2B , lanes 10-12 compared with 1-3). Our interpretation of the observed heterogeneity of tants. Instead, we found that SIR2 plays an important role in the establishment and/or maintenance of sisterrDNA copy numbers in sir2 mutants is that deletion of SIR2 stimulates the rate of not only expansion, as shown chromatid cohesion in rDNA, thus reducing the frequency of unequal sister-chromatid recombination reexperimentally, but also contraction of rDNA repeats. In other words, continued expansion/contraction of rDNA sponsible for rDNA repeat expansion and contraction [ Figure 1B , (i)]. Finally, we describe the results of formal repeats that may take place even after repeat numbers reach the normal ‫051ف‬ copies (in the presence of genetic experiments which support the conclusion that SIR2 decreases unequal sister-chromatid recombinathe intact Pol I machinery) is responsible for increased heterogeneity of rDNA copy numbers in sir2 mutant tion without significant effects on mitotic recombinational events within individual rRNA genes.
cell populations. This interpretation is consistent with the previous observations that sir2 mutations increase the rate of marker loss by unequal homologous reResults combination (Gottlieb and Esposito, 1989; see below). As expected from previous work that demonstrated a RAD52 Is Required for Expansion requirement of FOB1 for rDNA repeat expansion and of rDNA Repeats contraction (Kobayashi et al., 1998), we observed that Expecting that rDNA repeat expansion and contraction deletion of FOB1 in the sir2⌬ strain suppressed the "hyinvolve formation of DSBs at the RFB site and their perrecombination" phenotype of the sir2 mutation. repair as postulated in Figure 1B , we examined effects Clones of four independent fob1 transformants obtained of mutations in RAD52 and some other genes in the from a sir2 cell population each showed different but RAD52 epistatic group on the efficiency of rDNA repeat more uniform sizes of chromosome XII, and these sizes expansion. Yeast strain NOY408-1a carries a deletion remained essentially unaltered upon continued subculof an essential subunit of Pol I (rpa135⌬::LEU2) and ture in the presence of the RPA135 gene (compare lanes grows on galactose by Pol II transcription of a GAL7-6, 7, 8, and 9 with 2, 3, 4, and 5, respectively, in Figure  35S rDNA fusion gene on a multicopy plasmid (Nogi et 2D). We conclude that the instability of rDNA seen in sir2 al., 1991). This strain carries approximately half ‫)08ف(‬ mutants is due to stimulation of unequal homologous of the normal number ‫)051ف(‬ of rDNA repeats, and upon recombination that accompanies the repair of the preintroduction of the missing RPA135 gene, the number of sumed DSBs induced by FOB1-dependent replication rDNA repeats increases back to the normal level ‫)051ف(‬ fork block. (Kobayashi et al., 1998). We followed this increase by measuring the sizes of chromosome XII using contourclamped homogeneous electric field (CHEF) electrophoDeletion of SIR2 Does Not Affect the Efficiency of Arrest at the RFB Site, FOB1-Dependent resis (Figure 2A, lanes 1-3) and by quantitative Southern hybridization analysis ( Figure 2B, lanes 1-3) . In contrast DSB or Formation of X-Shaped Recombination Intermediates to the control RAD52 strain, introduction of RPA135 into a rad52 mutant caused only a slight, if any, increase in Because the hyperrecombination phenotype seen for sir2 mutants requires the presence of FOB1, we considthe number of rDNA repeats (Figures 2A and 2B, lanes  7-9) . The ability to increase rDNA repeat number was ered three possible steps to be affected by the loss of SIR2 activity: (1) the RFB activity, (2) DSBs caused by restored by introducing the missing RAD52 gene (on a CEN plasmid) into this strain, confirming the importance replication fork blocks, and (3) actual recombinational events including single-strand DNA invasion, formation of RAD52 for rDNA repeat expansion (Figure 2A, lanes  10 and 11) . MRE11, together with RAD50 and XRS2, of Holliday junction structures and their resolution, as indicated in the model shown in Figure 1B , (i). plays a role in resection of broken ends in the process of DSB repair. We found that deletion of MRE11 deWe first examined effects of a sir2 mutation on RFB activity by carrying out analysis of DNA restriction fragcreases the efficiency of repeat expansion, but does not abolish it entirely (Figures 2A and 2B, lanes 4-6) . These ments containing a replication fork using two-dimensional (2D) gel electrophoresis (Brewer and Fangman, results support an involvement of DSBs in rDNA repeat expansion, as previously discussed in reference to ERC 1988). RFB activity can be recognized by an accumulation of a particular Y-shaped molecule (arrowhead in formation and the X-shaped Holliday junction molecules within rDNA repeats (Park et al., 1999; Gangloff et al., Figure 3A ) as detected by a suitable probe. As shown in Figure 3A (and 3D, a) , the number of replication fork 1996; Zou and Rothstein, 1997). . Importantly, intensities of the 2.3 kb and 9.4 kb bands relative to the main 4.6 kb BglII band were not damage to the DNA, digested with BglII in the block and digests were subjected to 1D gel electrophoresis, significantly different (less than 10%) between the sir2 mutant and the control SIR2 strain ( Figure 3B , lanes 1 followed by Southern analysis using probe 1. In addition to the 4.6 kb BglII fragment present in all the samples, and 3; Figure 3D , b). We conclude that deletion of SIR2 does not significantly increase the frequency of FOB1-two fragments were present in the FOB1 control (WT; Figure 3B , lane 1), but not in the fob1⌬ strain (lane 2). dependent DSB events. We then asked whether deletion of SIR2 stimulates The size of the smaller fragment is approximately 2.3 kb, which is the distance between the BglII site and the recombinational events that follow DSBs, namely, strand invasion and formation of Holliday junction struc-RFB site where the DSB is expected to take place. In addition, this fragment hybridizes to probe 1, but not tures. Recombination intermediates with Holliday struc- tures can be identified by 2D gel electrophoresis as of the SIR2 gene does not cause a significant increase in overall recombinational events as judged from the X-shaped molecules that give a "spike" signal (Zou and Rothstein, 1997). Thus, we compared the frequency of amounts of the X-shaped Holliday junction recombination intermediates. occurrence of the X-shaped molecules between the sir2⌬ strain and the wild-type strain. The probe used here (probe 3, Figure 1A ) anneals with the beginning of Deletion of SIR2 Decreases the Association of Cohesin Subunit Mcd1p (Scc1p) with rDNA the 35S rRNA coding region. Since this region should contain only rightward replication forks, the spike signal In order to explain the above-described observations, we considered the possibility that unequal sister-chromust correspond to Holliday structures. As a positive control, we examined a DNA sample obtained from a matid recombination shown in Figure 1B , (i), may represent only a small fraction of the total recombinational temperature sensitive (ts) cdc2 mutant grown at a semipermissive temperature. The CDC2 gene encodes the events (see Zou and Rothstein, 1997), and that its large increase in sir2 mutants may not be detected by mea-DNA polymerase III catalytic subunit, and its ts mutants were previously shown to accumulate a higher level of surements of overall frequency of RFB, DSBs, or formation of Holliday junction molecules. More specifically, the X-shaped DNA molecules than the wild-type strain (Zou and Rothstein, 1997). As shown in Figure 3C and we considered the possibility that SIR2 is important for proper execution of DSB repair by equal sister-chroma-3D(c), no significant difference was observed between the wild-type and sir2⌬ strains in the amounts of the tid recombination [ Figure 1B , (ii)], thereby preventing chromosomal rearrangements that would accompany X-shaped molecules (when normalized to Y-shaped molecules), which were smaller than the amount found repair using unequal sister-chromatid recombination [ Figure 1B, (i) ]. One particular mechanism that could for the cdc2-2 mutant strain. We conclude that deletion . No significant difference was obdeletion on the association of cohesin subunit Mcd1p (Scc1p) with rDNA using chromatin immunoprecipitation served between the sir2⌬ and SIR2 strains at these regions ( Figures 4A and 4B ). In addition to the above four (ChIP) assay. We used sir2⌬ cells and control SIR2 cells both carrying FLAG-epitope-tagged Mcd1p. Cells were regions, eleven other regions in rDNA were analyzed by PCR for their association with cohesin in the sir2⌬ relatreated with formaldehyde and rDNA fragments (sheared to the sizes of ‫005ف‬ bp to 1 kb) were coimmunoprecipitive to WT strains. In these regions analyzed, the association with cohesion was decreased in sir2⌬ relative to tated with FLAG-tagged Mcd1p using anti-FLAG-antibodies followed by PCR analysis to measure their rela-WT; the decrease ranged from 2.6-to 8.8-fold (data not shown). Thus, altogether 3.1 kb within the 9.1 kb rDNA tive amounts. Four PCR primer pairs were used (see Figure 1A , C1-C4). In agreement with the previous report was analyzed by PCR with gaps between the regions averaging ‫004ف‬ bp. Since the size of the sheared DNA (Laloraya et al., 2000) , primer set C2 covering the CAR region near the 5S gene gave a signal significantly is 500 bp to 1 kb, the data strongly suggest that no "new" cohesion was created in the sir2⌬ strain which stronger than the signals obtained for the other three primer pairs (and 11 other primer pairs not shown in the would compensate for the cohesion at the CAR that was weakened by the sir2⌬ mutation. We conclude that the figures) in control SIR2 cells ( Figure 4A and data not shown; see below). Importantly, signals observed for sir2 mutation causes an alteration of rDNA chromatin, leading to a significantly decreased association of sir2⌬ mutant cells were in general significantly weaker than those for the control cells in all the regions analyzed cohesin with rDNA. Figure 4B , we observed that nicotinamide the FOB1-dependent replication fork block occur at a significant frequency within rDNA repeats, but are effidecreases association of Mcd1p with rDNA as analyzed by ChIP. These data suggest that the deacetylase activciently repaired in the presence of intact chromatid cohesion. ity of Sir2p is required for the stimulation of association of cohesin with rDNA.
We also examined whether accumulation of ERCs in the above cohesin mutant increases as in the case of sir2 mutants. For cells growing at 23ЊC, the amount of
Stability of rDNA Repeats in a Cohesion
ERCs relative to genomic rDNA was approximately the Defective Strain same for the wild-type and smc1-2 strains. After shifting If the function of Sir2p in preventing unequal sisterthe cultures from 23ЊC to 31ЊC for 3 hr, we found that chromatid recombination is achieved through its activity the amount of ERCs (relative to genomic DNA) increased to increase the association of cohesin with rDNA, as approximately 53% in the mutant, but only a slight ‫)%6ف(‬ the above experiments suggest, then some mutational increase was observed for the WT strain (data not defects in cohesins might also increase unequal sistershown). These results also support the conclusion that chromatid recombination [ Figure 1B , (i)] relative to equal the increase in unequal sister-chromatid recombination sister-chromatid recombination [ Figure 1B, (ii) ]. This caused by sir2 mutations is mediated by their effects possibility was examined by measuring loss of a marker on cohesin-rDNA association. integrated in rDNA repeats. Since the genes for cohesin are essential for cell growth, we used the smc1-2 ts strain (Strunnikov et al.
, 1993). Smc1p is a component
Recombinational Events within a Single rRNA Coding Region Are Not Affected by sir2 Mutation of the cohesin complex. We integrated a marker, URA3, into rDNA repeats and compared the rate of its loss with
The results described in the previous sections led to the conclusion that special rDNA chromatin structures that in the control SMC1 strain at both permissive (23ЊC) and semipermissive (31ЊC) temperatures. In addition, we formed by the activity of Sir2p decrease unequal sisterchromatid recombination without preventing access of carried out the same experiments using fob1 derivatives of these two strains. As shown in Table 1 , the smc1-2 recombinational machinery to rDNA. We carried out formal genetic experiments to test this conclusion. We mutation caused increases in marker loss, especially at the semipermissive temperature relative to the SMC1 constructed an integration plasmid, pNOY705 ( Figure  5A ), cleaved with PflmI and integrated into rDNA repeats. strain used as a reference. The ratio of the rate of marker loss at 31ЊC to that at 23ЊC was approximately 4-fold His ϩ (and Ura -) transformants obtained in this way carry two incomplete fragments of URA3, one missing the 5Ј-higher in the smc1-2 mutant than in the control SMC1 strain. In addition, in the fob1 background, there was end and the other missing 3Ј-end, within a single 35S rRNA gene in rDNA repeats. Recombination between no significant difference between the smc1 mutant and the wild-type in this ratio, confirming that the unequal these two ura3 fragments to form URA3 may take place using the 248 bp region shared by both fragments, presister-chromatid recombination responsible for the elevated loss of the marker in the cohesin mutant is sumably during S or G2 phase between sister-chromatids, or alternatively, by an intrachromosomal recombi-FOB1-dependent.
SMC1 is an essential gene, and the semipermissive nation. In any event, if SIR2-dependent rDNA structures prevent access of recombination machinery to rDNA, temperatures used in the above experiments led to a (B) Six independent His ϩ transformants carrying pNOY705 integrated at the PflM1 site were obtained from the WT (NOY388) and sir2⌬ (NOY1045) strains. They were grown in SC-His medium to saturation and aliquots of 10-fold serial dilutions were spotted on SC and SC-Ura plates to observe the frequency of Ura ϩ recombinants in these independent clones. (C) Four independent transformants from each of the WT and sir2⌬ strains similar to those shown in (B) were analyzed to determine the rate of recombination as described in Experimental Procedures. Averages and standard deviations are shown. (D) Six independent Ura ϩ recombinants were obtained from each of the ϪUra plates of the WT and sir2⌬ strains shown in B. They were grown in SC-Ura medium to saturation and aliquots of 10-fold serial dilutions were spot tested on SC and SC containing 5FOA to measure the frequency of marker (URA3) loss.
as suggested previously, one would expect a large inence was observed between the sir2 and SIR2 strains. We then measured the rate of recombination more quancrease in the rate of Ura ϩ recombinant formation in sir2 mutants. Six independent His ϩ transformants carrying titatively using the method of median according to Lea and Coulson (1949) . Four independent experiments integrated pNOY705 in rDNA were obtained from sir2⌬ and control SIR2 strains. They were grown in complete were carried out, each using independent transformant clones of the SIR2 and sir2⌬ strains. The rate (recombimedium to saturation and the frequency of Ura ϩ recombinants in these independent cultures was determined nant formation per cell per generation) in the sir2 strain was found to be 1.27 (Ϯ 0.65) times that found for the by spot test. As shown in Figure 5B , no significant differ-SIR2 strain ( Figure 5C ). Clearly, there was no significant not generally decrease cell viability, and hence, frequent DSBs (Zou and Rothstein, 1997; see below) observed difference in recombination frequency between the two strains.
in rDNA during S phase are apparently repaired as efficiently in sir2 mutants as in the control SIR2 strains. We We determined the rate of URA3 marker loss from rDNA using the method similar to that described in Table  found that the smc1-2 ts mutant defective in the Smc1p cohesin subunit shows an increase in unequal sister-1. As originally found by Gottlieb and Esposito (1989), we found the rate in sir2⌬ is 10-to 20-fold higher than chromatid recombination among viable cells and an increase in ERC formation at semipermissive temperathat in SIR2 (data not shown). To confirm this conclusion further, we analyzed Ura ϩ recombinant clones obtained tures. These observations combined with our ChIP analysis suggest that sir2 mutations increase unequal sisterin the experiments described above (shown in Figures  5A and 5B) . Six independent Ura ϩ recombinants were chromatid recombination by altering cohesin structures that hold the replicated sister-chromatids together, obtained from each of the ϪUra plates of sir2⌬ and SIR2 strains shown in Figure 5B . They were then grown in leading to an increase in the rates of marker loss as well as rDNA repeat expansion and contraction without a SC-Ura medium to saturation and the frequency of Ura rate of formation of arrested replication forks 2-fold. Therefore, our data suggest that proteins involved in However, since replication initiated at the active ARSs these events, such as Rad52p, have equal access to is bidirectional, the rate of disappearance of the arrested rDNA with or without rDNA chromatin structures that replication forks by rightward replication forks should involve Sir2p and are apparently repressive to transcripalso increase 2-fold. Therefore, the steady state amount tion of Pol II reporter genes. We suggest that Sir2p of replication forks arrested at the RFB site in sir2⌬ interacts with cohesin, directly or indirectly, and demutants may be expected to be similar to that in control creases the frequency of unequal sister-chromatid re-SIR2 strains, and hence the frequency of DSBs at the combination. Zou and Rothstein (1997) Table 2 . Disruption of cohesin function in rDNA repeats. Figure  3 was done after transfer of gels on membrane followed by a phos-HIS3 as described above and the FLAG epitope tag sequence was added to the 3Ј-end of the MCD1 protein coding region by the gene phorimager analysis. Chromatin immunoprecipitation assay was done based on the method described by Tanaka 
